Background: PC1 and PC2 function as a complex, but their interrelations are not completely understood. Results: Expression of PC1 accelerates degradation of PC2. Conclusion: PC1 negatively regulates PC2 expression, presumptively by enhancing degradation via the aggresome/autophagosome pathway. Significance: Understanding how PC1 regulates PC2 within a critical range may help elucidate the pathogenesis of cyst formation.
Mutations of the PKD1 and PKD2 genes, encoding polycystin-1 (PC1) and polycystin-2 (PC2), respectively, lead to autosomal dominant polycystic kidney disease. Interestingly, up-regulation or down-regulation of PKD1 or PKD2 leads to polycystic kidney disease in animal models, but their interrelations are not completely understood. We show here that fulllength PC1 that interacts with PC2 via a C-terminal coiled-coil domain regulates PC2 expression in vivo and in vitro by downregulating PC2 expression in a dose-dependent manner. Expression of the pathogenic mutant R4227X, which lacks the C-terminal coiled-coil domain, failed to down-regulate PC2 expression, suggesting that PC1-PC2 interaction is necessary for PC2 regulation. The proteasome and autophagy are two pathways that control protein degradation. Proteins that are not degraded by proteasomes precipitate in the cytoplasm and are transported via histone deacetylase 6 (HDAC6) toward the aggresomes. We found that HDAC6 binds to PC2 and that expression of full-length PC1 accelerates the transport of the HDAC6-PC2 complex toward aggresomes, whereas expression of the R4227X mutant fails to do so. Aggresomes are engulfed by autophagosomes, which then fuse with the lysosome for degradation; this process is also known as autophagy. We have now shown that PC1 overexpression leads to increased degradation of PC2 via autophagy. Interestingly, PC1 does not activate autophagy generally. Thus, we have now uncovered a new pathway suggesting that when PC1 is expressed, PC2 that is not bound to PC1 is directed to aggresomes and subsequently degraded via autophagy, a control mechanism that may play a role in autosomal dominant polycystic kidney disease pathogenesis.
Autosomal dominant polycystic kidney disease (ADPKD) 3 is an inherited disorder that affects 1:400 to 1:1000 people who present with renal cysts. ADPKD leads to renal failure in 50% of all cases by the sixth decade of life. ADPKD results from mutations in the PKD1 gene or the PKD2 gene, which encode to the gene products polycystin 1 (PC1) and polycystin 2 (PC2), respectively.
PC1 is a 4302-amino acid protein with a large N-terminal extracellular domain, 11 transmembrane domains, and a short C-terminal domain (1, 2) . PC2 is a transmembrane protein of 968 amino acids with six transmembrane domains (3) . Interaction between PC1 and PC2 occurs via C-terminal coiled-coil domains (4) . PC2 is present in the endoplasmic reticulum, plasma membrane, and primary cilia and functions as a nonselective cation channel (5) . It is thought that mutations in the PKD1 or PKD2 gene cause a dysregulation of Ca 2ϩ homeostasis that can lead to the development of ADPKD as a result of increased cAMP levels. Although PC1 and PC2 have been studied intensively, information on how they function to promote tubulogenesis or how a malfunction of either protein leads to cyst formation is still emerging.
The question of how much of the polycystins are necessary for normal function is still being addressed. It is well known that PKD1 or PKD2 gene knock-out in animal models leads to cyst formation (6, 7) early in development, ultimately leading to embryonic lethality. Likewise, in mice, lowering the Pkd1 gene expression to 13-20% of wild type leads to progressive development of polycystic kidney disease (PKD) (8) . Curiously, it is also known that overexpression of PC1 in PKD1 transgenic mice leads to renal cyst formation that resembles ADPKD (9), whereas overexpression of PC2 in PKD2 transgenic mice leads to increased proliferation and apoptosis, activation of B-Raf and ERK, and renal cyst development at 6 months that increases with aging (10) . Thus, data from these animal models suggest that up-or down-regulation of PC1 or PC2 leads to PKD. Similarly, MDCK cells have low endogenous PKD1 expression and spontaneously develop cysts in three-dimensional culture, whereas increasing the expression of PKD1 reverses the phenotype from cyst formation to tubulogenesis (11) . On the other hand, in murine inner medullary collecting duct (mIMDC3) cells, overexpression of PKD1 disrupts tubulogenesis, leading to the formation of cyst-like structures (12) . In most patients with ADPKD, the expression of PC1 is increased in cyst-lining epithelia (13, 14) , but in some patients with ADPKD, the expression of PC1 is undetectable (13, 14) . Clearly, knocking out all PC1 or PC2 function or reducing PC1 expression significantly is deleterious. On the other hand, overexpression is also deleterious. Taken together, these data suggest that the levels of PKD1 and/or PKD2 must be regulated within a functional window to prevent cyst formation.
Clearly, dysfunction of either PC1 or PC2 leads to ADPKD, suggesting that both proteins function in a common pathway. However, the interrelationships between the functional levels of PC1 and PC2 are not yet understood. Here we hypothesized that the regulation of PC1 and PC2 protein expression may be required to support normal kidney function. To our surprise, we found that PC1 affects PC2 expression.
EXPERIMENTAL PROCEDURES
Plasmids and Constructs-Full-length mouse Pkd1 (mPkd1) with an N-terminal HaloTag and C-terminal FLAG tag, cloned into the pcDNA5/FRT/TO vector (Invitrogen), were provided by Baltimore PKD Core Center (University of Maryland, Baltimore, MD). C-terminal truncation at position R4218X in mPkd1, which corresponds to the human PKD1 disease-causing mutation at position R4227X (5), was generated with a QuikChange Lightning site-directed mutagenesis kit from Agilent Technologies (La Jolla, CA). The entire plasmid was sequenced after mutagenesis to confirm that there were no new mutations.
Cell Culture and Treatments-MDCK (MDCK-mPkd1) cells, which had been stably transfected using a Flp-In T-REx core kit (Invitrogen) with full-length mPkd1 bearing an N-terminal Halo Tag and C-terminal FLAG tag and cloned into the pcDNA5/FRT/TO vector (Invitrogen), were provided by Baltimore PKD Center (University of Maryland). The mPkd1-R4227X mutant, cloned into the pcDNA5/FRT/TO vector (Invitrogen), was stably transfected into MDCK cells using a Flp-In T-REx core kit (Invitrogen). MDCK cells were cultured in DMEM supplemented with 10% fetal bovine serum, 5% penicillin/streptomycin, 150 g/ml hygromycin, and 5 g/ml blasticidin. mIMCD3 cells were cultured in DMEM/Ham's F-12 medium supplemented with 10% fetal bovine serum and 5% penicillin/streptomycin. PC1 expression was induced with tetracycline (2 g/ml) 7-24 h before harvesting. Cells were treated with the proteasome inhibitor MG-132 (Calbiochem) for 16 h, the HDAC6 inhibitor tubacin (Sigma) for 7 h, and the lysosomal inhibitor bafilomycin A (Sigma) or E64 (Calbiochem) with Pepstatin A (Sigma) for 16 h.
Quantitative PCR-Total RNA was extracted with RNeasy mini kit (Qiagen). SuperScript first strand system for RT-PCR (Invitrogen) was used to generate complementary DNA (cDNA). For quantitative PCR, we used iQ SYBR Green Supermix (Bio-Rad). Following primers were used for PC1 (GCC AGT GGT CTG TTT TTG GC and GT AGA GAG TGT CAG CAC CAG), PC2 (CCA GAA GGA GGG GAA GTA TC and G CTC CAT GAT TTC CAG CTT CAC), and ␤-actin (GGA TGC AGA AGG AGA TCA CTG and CAT TTG CTG GAA GGT GGA CAG). PC2 and ␤-actin primers were designed based on canine PC2 and ␤-actin mRNA sequence, respectively. PC1 primers were designed based on Mus musculus mRNA sequence.
Antibodies-Monoclonal antibodies recognizing PC1 and glucosidase II␤, also known as PRKCSH, were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). A polyclonal antibody against PC2 was provided by Baltimore PKD Core Center (University of Maryland). A polyclonal antibody against HDAC6 was obtained from Santa Cruz Biotechnology, and a monoclonal anti-GAPDH antibody from US Biological (Swampscott, MA). A polyclonal anti-LC3 antibody was obtained from Novus Biological (Littleton, CO).
Western Blotting-In brief, timed pregnant Pkd1Ϯ mice (provided by the Baltimore PKD core center) were euthanized, and embryos at 14.5 days postconception were dissected and homogenized in lysis buffer (20 mM sodium phosphate, pH 7.2, with 150 mM NaCl, 1 mM EDTA, 10% glycerol, and 1% Triton X-100) supplemented with protease inhibitor mixture (Sigma). The homogenate was incubated for 1 h on ice and cleared of debris by centrifugation at 17,000 ϫ g for 20 min at 4°C. Cells were harvested and processed as described previously (16) . In brief, cells were solubilized in lysis buffer (150 mM Tris-HCl, pH 7.4, with 50 mM NaCl, 1% Nonidet P-40, and complete protease inhibitors; Roche Applied Science). The cell lysates were spun at 10,000 ϫ g for 10 min at 4°C to pellet insoluble material, and the supernatants were collected. The protein concentrations were measured with BCA reagent, and the supernatants were then denatured in 2ϫ Laemmli buffer at 37°C for 20 min and run on 3-8% SDS-PAGE gels before transferring to a polyvinylidene fluoride membrane for Western blotting, followed by enhanced chemiluminescence (SuperSignal West Dura; Thermo Scientific). The chemiluminescent signal on the PVDF membrane was directly captured by a FujiFilm LAS-1000 Plus System with a cooled CCD camera. PC1, PC2, HDAC6, PRKCSH, LC3, and GAPDH were detected with the antibodies described above.
Quantification of Western Blot Data-The density of the PC1, PC2, or GAPDH bands was measured with MultiGauge software (FujiFilm). The PC1 and PC2 level was standardized to that of the GAPDH. In each experiment, the most intense band was considered 100%, and the rest were compared with this band. PC2 expression for each group is shown as fold change (mean Ϯ S.D.) for three experiments. Comparison between groups was assessed by using the Student's t test. We used Microsoft Excel to generate column bars or linear graphs.
Immunoprecipitation-Cells were harvested and processed as described above. The anti-PC2 antibody (2 l) was added to each lysate and allowed to incubate overnight; 50 l of A/Gagarose beads (Santa Cruz) were then added, and the mixture was incubated with gentle rocking for 4 h at 4°C. Beads were washed four times with lysis buffer and then centrifuged to remove the buffer. The beads were suspended in 50 l of Laemmli sample buffer containing ␤-mercaptoethanol, vortexed for 1 min, and resolved by 3-8% SDS-PAGE. For PC1 immunoprecipitation, 50 l of anti-FLAG M2 affinity gel (Sigma-Aldrich) was added to each lysate and allowed to incubate overnight. Then affinity gel was washed with lysis buffer as described above, suspended in Laemmli sample buffer containing ␤-mercaptoethanol, and resolved by 3-8% SDS-PAGE. PC1, PC2, and HDAC6 were detected as described above.
RESULTS

PC1 Down-regulates the Expression of PC2-
To study the interrelation between PC1 and PC2, we utilized a stably transfected MDCK cell line in which the expression of PC1 can be induced by tetracycline. We found that overexpression of inducible full-length PC1 in MDCK cells led to a significant down-regulation of endogenous PC2 (Fig. 1, A and B) . There was no difference in mRNA expression of PC2 in PC1 induced versus uninduced MDCK cells ( Table 1 ), suggesting that here was no difference in Pkd2 gene expression and that the difference in PC2 protein levels was post-translational.
To determine whether the regulation of PC2 by PC1 was dose-dependent, we induced different levels of PC1 expression, beginning with a low dose of tetracycline and gradually increasing the dose. Using this approach, we found that the higher the PC1 expression, the lower the PC2 expression ( Fig. 2, A and B) . Next, we induced PC1 expression at the same time in a set of MDCK cells and harvested cells at different time points. Again, we found that PC1 down-regulated PC2 in a dose-dependent manner (Fig. 3, A and B) . To take this a step further, we examined the interrelationship between PC1 and PC2 in 14.5-day postconception mouse embryos. We found that PC2 expression was significantly increased in the Pkd1 knock-out embryos when compared with wild-type embryos (Fig. 4, A  and B ). We were also intrigued to find out whether increased PC2 expression extends to other Pkd1 mouse models. Indeed we found that PC2 expression was significantly increased in Pkd1 ⌬CHA/⌬CHA mouse embryos (Fig. 5, A and B) (17) . The entire C-terminal tail of PC1 has been deleted in Pkd1 ⌬CHA/⌬CHA mouse, and a HA-tag has been added to truncated C-terminal end (17) . Pkd1 ⌬CHA/⌬CHA embryos survive only to embryonic day 16.5 (17) . These results confirm that PC1 regulates PC2 expression not only in cell lines but also in animal models. . This experiment was repeated more than 10 times. It is noteworthy that when the blot is exposed for long time, PC1 presents as a double band. Qian et al. (38) showed that PC1 undergoes cleavage at the G protein-coupled receptor proteolytic site into an N-terminal fragment and C-terminal fragment. PC1 antibodies that we used were made against the N-terminal fragment, and hence the top band is full-length PC1, and the bottom band is the N-terminal fragment. B, summary of PC2 expression. We used MultiGauge software to measure density of PC2 bands, shown as averages of three experiments and standard deviation. In each experiment the most intense band was considered 100%, and the rest of the bands were compared with this band. PC1 and PC2 bands were normalized to GAPDH. We used Student's t test to compare PC2 expression in MDCK-mPkd1 cells when PC1 is uninduced versus induced.
TABLE 1 This table shows PC1 and PC2 mRNA expression in PC1-induced and uninduced MDCK-mPkd1 cells
mRNA levels are averaged from three experiments with standard deviation. All samples were run in triplicate. PC1 and PC2 mRNA levels were normalized to ␤-actin mRNA level.
MDCK-mPkd1
MDCK-mPkd1
The PC1-PC2 Interaction Is Necessary for Down-regulation of PC2 by PC1-PC1 and PC2 both have coiled-coil domains that are critical to their function (5) . Indeed, one of the diseasecausing mutations in the human PKD1 gene, R4227X, gener-ates a PC1 protein that lacks the last 76 amino acids and fails to interact with PC2 (5). To find out whether the PC1-PC2 interaction has a role in the regulation of PC2 expression, we generated a stably transfected MDCK cell line in which the expres-FIGURE 2. PC1 down-regulates PC2 expression in a dose-dependent manner. A, the tetracycline dose was gradually decreased to decrease PC1 expression. We found that PC1 down-regulates PC2 expression in a dose-dependent manner: the higher the PC1 expression, the lower the PC2 expression. B, summary of PC2 expression after PC1 titration. sion of mPkd1-R4227X could be induced by tetracycline. We tested the mPkd1-R4227X mutant by co-immunoprecipitation assays to confirm that it does not interact with PC2 (see Fig. 7 ). In this experiment, full-length mPkd1 was used as a positive control for the co-immunoprecipitation of PC2 (see Fig. 7 ). Importantly, in contrast to full-length PC1, overexpression of mPkd1-R4227X in MDCK cells failed to down-regulate PC2 expression ( Figs. 6 and 7) , suggesting that the PC1-PC2 interaction is necessary for PC1 to down-regulate PC2. This finding also indicates that the down-regulation of PC2 is dependent on a functional PC1 and is not caused by a nonspecific effect of PC1 induction.
PC2 Is Not Degraded by Proteasomes When PC1 Is Expressed-Proteasome-mediated degradation and autophagy, also known as the lysosomal degradation pathway, are two systems that control intracellular protein degradation. Endoplasmic reticulum-associated protein degradation (ERAD) delivers unfolded proteins to the proteasome for degradation. Mutations in the PRKCSH gene lead to autosomal dominant polycystic liver disease (18, 19) . It has been shown that PC2 is degraded via ERAD (20) , but PRKCSH protects PC2 from ERAD (21) . Consistent with this finding is the observation that knockdown of PRKCSH in MDCK cells leads to down-regulation of PC2 as a result of Herp-mediated ERAD degradation (21) . Thus, one possible explanation for our result is that PC1 expression affects PRKCSH levels, which would in turn affect PC2. To test this possibility, we evaluated PRKCSH expression. We found that PC1 overexpression had no effect on PRKCSH expression ( Fig.  8) . These data suggest that the down-regulation of PC2 by PC1 does not proceed via PRKCSH, but rather by a different pathway.
It has been shown that PC1 and PC2 are degraded by proteasomes (20, 22) . To explore this degradation pathway, we treated cells with the proteasome inhibitor MG-132 and analyzed PC1 and PC2 expression. As expected, we found that PC1 expression was increased by treatment with MG-132 ( Fig. 9, A and B) . Surprisingly, however, we noticed that PC2 expression was decreased after treatment with MG-132 ( Fig. 9, A and B) . (17). This is a Western blot, and the entire experiment was repeated three times. Pkd1 ⌬CHA/⌬CHA lacks the C-terminal tail of PC1 and has a HA tag added to the truncated C-terminal end of PC1. Pkd1 ⌬CHA/⌬CHA knock-out is embryonically lethal, similar to Pkd1 knock-out. B, summary of PC2 expression in Pkd1 wt/wt , Pkd1 ⌬CHA/wt , and Pkd1 ⌬CHA/⌬CHA embryos. FIGURE 6. The mPkd1-R4227X mutant does not affect PC2 expression. To determine whether an interaction between PC1 and PC2 is necessary for the regulation of PC2 expression, we generated a plasmid that includes a truncated mouse Pkd1 (mPkd1-R4227X) lacking the last 76 amino acids, which cannot interact with PC2. Like the full-length mPkd1, this mPkd1-R4227X had an N-terminal HaloTag and a C-terminal FLAG tag. The mPkd1-R4227X plasmid was stably transfected into MDCK cells using a Flp-In T-REx core kit. MDCK cells were grown for 72 h, and expression of full-length mPkd1 and mPkd1-R4227X was induced with tetracycline (2 g/ml) for 24 h. Overexpression of the mPkd1-R4227X mutant in MDCK cells (top panel) had no effect on PC2 expression (middle panel). Note that there are three different clones. This is a Western blot. FIGURE 7. The mPkd1-R4227X mutant does not interact with PC2. We tested the mutant in a co-immunoprecipitation assay to confirm that the mPkd1-R4227X protein does not interact with PC2. Full-length mPkd1 was used as a positive control for the co-immunoprecipitation of PC2. This a Western blot, and the entire experiment was repeated three times.
Although Liang et al. (20) came to the conclusion that PC2 is degraded by proteasomes, we found that PC2 is not degraded by this pathway when PC1 is expressed. To further study the effect of MG-132 on PC2 expression, we used control MDCK cells that had been stably transfected with an empty pcDNA5 plasmid. We found that in the control MDCK cells, treatment with MG-132 led to a down-regulation of PC2 (Fig. 10, A and B ) similar to that in MDCK cells overexpressing PC1. In addition, we noticed that endogenous PC1 was up-regulated in the control MDCK cells in the presence of MG-132 ( Fig. 10 ). Next, we treated mIMCD3 cells with MG-132 and found that PC2 was down-regulated ( Fig. 11A and B) , as it was in MDCK cells. Although PC2 can be degraded by proteasomes when it is expressed without PC1 (20) , our data show that PC1 expression leads to PC2 degradation via a pathway other than the proteasomal pathway.
PC2 Is Degraded via the Aggresome Pathway-If PC2 is not degraded by proteasomes, then why does it decrease following proteasome inhibition? It turns out that inhibition of proteasomes with MG-132 not only blocks proteasomal degradation but also activates autophagy (23) (24) (25) , suggesting that PC2 is degraded via autophagy. Hence, we focused our attention on the lysosomal degradation pathway, or autophagy. First, we explored the aggresome pathway. Unfolded or misfolded proteins that are not degraded by proteasomes precipitate in the cytosol (26, 27) and are transported by HDAC6 toward FIGURE 8. PC1 expression does not affect PRKCSH expression. Tetracycline treatment induced PC1 expression in MDCK cells but had no effect on PRKCSH expression. This is a Western blot, and the entire experiment was repeated three times.
FIGURE 9. The proteasome inhibitor MG132 increases the expression of recombinant PC1 and leads to further down-regulation of PC2 expression in MDCK cells.
For this experiment, we used MDCK cells that were stably transfected with an inducible mPkd1 plasmid (see details in Fig. 1 legend) . Cells were grown on Transwell plates for 72 h, and PC1 expression was induced with tetracycline (2 g/ml) for 72 h. Cells were treated with MG132 (1 M/ml) for 16 h before harvesting. Control cells were treated with vehicle (DMSO). A, treatment with MG-132 led to increased PC1 expression and further down-regulation of PC2. This is a Western blot, and the entire experiment was repeated more than five times. B, summary of PC2 expression after PC1 induction and proteasome treatment in MDCK cells. aggresomes. Aggresomes are surrounded by a double-membrane vesicle known as an autophagosome, which then fuses with the lysosome for degradation; this process is also known as autophagy (28) . Tubacin is a specific HDAC6 inhibitor that blocks the aggresome pathway (26, 29) without affecting gene expression or cell cycle progression (30) . We found that inhibition of the aggresome pathway with tubacin led to up-regulation of PC2 expression when PC1 was overexpressed (Fig. 12, A  and B) . Importantly, tubacin had no effect on PC1 expression (Fig. 12A ). In addition, tubacin had no effect on PC2 when PC1 expression was not induced in MDCK cells (Fig. 13 ), suggesting that PC1 induction was stimulating the degradation of PC2.
To take this one step further, we asked whether HDAC6 binds to PC2. Fig. 14 shows that HDAC6 does indeed bind to PC2 in control MDCK cells in which PC1 has not been induced. Because tubacin had no effect on PC2 in uninduced cells, it appears that HDAC6 binds to PC2 but does not transfer it to the aggresome for degradation. We also found ( Fig. 14) that induc-tion of PC1 leads not only to the down-regulation of PC2 expression but also to a decrease in the binding of HDAC6 to PC2. These data suggest that HADC6 binds to PC2 but can carry it to the aggresome only in the presence of increased levels of PC1. Thus, PC1 likely accelerates the degradation of PC2 via the aggresome pathway, leading to a decreased co-immunoprecipitation of HDAC6 by PC2. On the other hand, PC1 does not co-immunoprecipitate with HDAC6 ( Fig. 15 ), suggesting that PC1 accelerates the aggresomal degradation of PC2 via a second messenger that requires the presence of the C-terminal tail of PC1. Consistent with this concept is the observation that overexpression of the mPkd1-R4227X mutant did not decrease PC2 expression, nor did it decrease the interaction between PC2 and HDAC6 (Fig. 16 ). Thus, it appears that the C terminus of PC1 has a regulatory role in the aggresome pathway. Taken together, these data suggest that overexpression of full-length mPkd1, but not mPkd1-R4227X, accelerates PC2 degradation via the aggresome pathway.
Inhibition of Autophagy Prevents PC1-induced Degradation of PC2-Because aggresomes are engulfed by autophagosomes, which then fuse with lysosomes for protein degradation, we explored this pathway further. Bafilomycin A, selective inhibitor of vacuolar H ϩ -ATPases, inhibits autophagy either by FIGURE 11 . MG132 increases endogenous PC1 expression and decreases PC2 expression in mIMCD-3 cells. A, mIMCD-3 cells were treated with MG132 (1 M/ml) for 16 h. Control cells were treated with vehicle (DMSO). Treatment with MG-132 led to an up-regulation of endogenous PC1 and down-regulation of PC2. This is a Western blot, and the entire experiment was repeated three times. B, summary of PC2 expression after proteasome treatment in mIMCD3 cells. FIGURE 12. Inhibition of the aggresome degradation pathway with tubacin prevents down-regulation of PC2 when PC1 is expressed. A, tubacin, a specific HDAC6 inhibitor that blocks the aggresome degradation pathway, prevented the down-regulation of PC2 in PC1-induced MDCK cells. PC1 expression was induced with tetracycline (2 g/ml) for 7 h. Cells were treated with tubacin (10 M) for 7 h; control cells were treated with DMSO. Tubacin had no effect on PC1 expression. This is a Western blot, and the experiment was repeated three times. B, summary data for the tubacin experiment. FIGURE 13. Inhibition of the aggresome degradation pathway with tubacin has no effect on PC2 expression in control cells. PC2 expression remained unchanged after tubacin treatment in MDCK control cells (PC1 uninduced). Cells were treated with tubacin (10 M) for 7 h; control cells were treated with DMSO. This is a Western blot.
Polycystin-1 Regulates Polycystin-2 Expression
blocking autophagosome-lysosome fusion or by blocking lysosomal degradation (31) , whereas E64 in combination with pepstatin A inhibits lysosomal proteases and interferes with autolysosomal digestion (32) . We inhibited lysosomal autophagy with bafilomycin A or E64 with pepstatin A and found that whereas both decreased the degradation of PC2 when PC1 was overexpressed in MDCK cells, the bafilomycin A effect was stronger than that of E64 with pepstatin A (Fig. 17, A and B) . Inhibition of autophagy with both bafilomycin A and E64 with pepstatin A had a synergistic effect and led to further decrease in PC2 deg-radation when PC1 was overexpressed in MDCK cells (Fig. 17,  A and B) . Inhibition of autophagy with bafilomycin A, E64 with pepstatin A or both had no effect on the PC2 level when PC1 expression was not induced in MDCK cells (Fig. 18 ). Taken together, these data support the idea that PC2 is degraded via autophagy.
PC1 Does Not Increase Autophagosome Accumulation-Next, we asked whether PC1 activates autophagy. Microtubuleassociated protein light chain 3 (LC3) is a marker of autophagy. Increased conversion of the cytosolic form, LC3-I, to the autophagosome form, LC3-II, is seen with increased formation of autophagosomes, suggesting increased autophagy (33) . Overexpression of PC1 in MDCK cells did not increase the conversion of LC3-I to LC3-II ( Fig. 19 ), suggesting that overexpression of PC1 does not increase autophagosome accumulation. Inhibition of autophagy with bafilomycin A led to an increased conversion of LC3-I to LC3-II ( Fig. 19) , indicating an accumulation of autophagosomes. These data indicate that overexpression of PC1 does not increase autophagosome accumulation and hence does not activate autophagy. Consistent with this conclusion is the observation by Lee et al. that although HDAC6 stimulates autophagosome-lysosome fusion and substrate degradation, it does not activate autophagy (34) .
DISCUSSION
Our data show for the first time that PC1 regulates PC2 expression in both cell culture models and an animal models. We found that the induction of PC1 in MDCK cells leads to a down-regulation of PC2 in a dose-dependent manner. In addition, we showed that in embryos from two separate Pkd1 mouse models, PC2 expression is increased when compared with wildtype embryos. It is known that PC1 and PC2 interact via C-terminal coiled-coil domains. PC2 is a nonselective cation channel that is permeable to Ca 2ϩ . Hanaoka et al. (5) have shown that calcium currents are produced in the presence of the PC1-PC2 complex, whereas a PKD1 disease-causing mutation (R4227X) disrupts complex assembly and channel activity (5) at the plasma membrane. We show here that full-length PC1 downregulates PC2 expression, whereas the mPkd1-R4227X mutant failed to down-regulate PC2 expression, suggesting that the PC1-PC2 interaction is critical for the regulation of PC2 expression.
Proteasome and autophagy pathways play a major role in protein degradation and cellular homeostasis. Unfolded or misfolded proteins are refolded by chaperones, whereas proteins that cannot be refolded are degraded by proteasomes (26) . Fedeles et al. (22) have shown that PC1 is degraded by proteasomes, and Liang et al. (20) demonstrated that PC2 is degraded by the same mechanism. Gao et al. (21) have shown that knockdown of PRKCSH leads to a down-regulation of PC2, indicating that PRKCSH protects PC2 against Herp-dependent ubiquitination and ERAD degradation. In our studies, we have demonstrated that overexpression of PC1 down-regulates PC2 but has no effect on PRKCSH expression, suggesting that PC2 may be degraded by a pathway other than via PRKCSH in the presence of PC1. Thus, we took a different approach and studied PC1 and PC2 expression simultaneously when proteasomes were inhibited with MG-132. In agreement with previous reports (22), we FIGURE 14 . PC2 co-immunoprecipitates with HDAC6. When PC1 was not induced in MDCK cells, PC2 co-immunoprecipitated with HDAC6 (left panels). When PC1 is induced in MDCK cells, co-immunoprecipitation of PC2 with HDAC6 was greatly reduced (left panels). PC1 overexpression had no effect on the HDAC6 expression (right panels). This is a Western blot, and the experiment was repeated three times. IP, immunoprecipitation.
FIGURE 15. Expression of mPkd1-R4227X does not affect the PC2-HDAC6 interaction.
In the presence or absence of mPkd1-R4227X, PC2 was co-immunoprecipitated (IP) with HDAC6 in MDCK cells (left panels). Overexpression of mPkd1-R4227X had no effect on HDAC6 expression (right panels). This is a Western blot, and the experiment was repeated three times. FIGURE 16. PC1 does not interact with HDAC6. We tested whether PC1 interacts with HDAC6. An anti-FLAG M2 affinity gel was used for PC1 immunoprecipitation (IP). PC1 did not co-immunoprecipitate HDAC6 (left panels). For a positive control, we showed that PC1 co-immunoprecipitated PC2 (left panels). The lysate is shown in the right panels.
found that PC1 was degraded by proteasomes, whereas PC2 was not degraded by proteasomes when PC1 was expressed. We further showed that after treatment with MG-132, endogenous PC2 was down-regulated, and endogenous PC1 was up-regulated in MDCK cells. In addition, we demonstrated that endogenous PC2 expression was further decreased when recombinant PC1 was expressed in MDCK cells, and the proteasomes were inhibited with MG-132. Inhibition of proteasomes leads to activation of autophagy, and this activation would explain the down-regulation of PC2 after treatment with MG-132.
Proteins that are unfolded or misfolded and are not degraded by proteasomes precipitate in the cytoplasm (26) . HDAC6 binds to precipitated proteins to facilitate their transport toward the microtubule organizing center to form a storage bin called the aggresome. Tubacin is a specific HDAC6 inhibitor that blocks the aggresome pathway (29) . We found that downregulation of PC2, triggered by PC1 overexpression, was reversed by tubacin, indicating that PC2 is degraded via the aggresome pathway. PC1 overexpression had no effect on HDAC6 expression, suggesting that PC1 increases HDAC6 activity (which is inhibited by tubacin). We showed that activation of autophagy with MG-132 led to increased degradation of PC2 in the presence or absence of PC1. On the other hand, inhibition of autophagy prevented PC2 degradation when PC1 was overexpressed, suggesting that PC2 is degraded via autophagy. HDAC6 does not activate autophagy but plays a critical role in autophagosome-lysosome fusion and substrate degradation (34) . Consistent with this role is our observation that PC1 did not increase the conversion of LC3-I to LC3-II, suggesting that PC1 does not activate autophagy. We further showed that HDAC6 binds to PC2 in control MDCK cells, whereas in PC1-induced MDCK cells, the interaction between PC2 and HDAC6 is greatly reduced, suggesting that PC1 accelerates the degradation of PC2 via the aggresome/autophagosome pathway. Chauvet et al. (35) have shown that the C-terminal tail of PC1 (PC1-CTT) is translocated to the nucleus in the renal epithelial cells of mice overexpressing murine PC1. In addition, the expression of PC1-CTT results in reduced proliferation and apoptosis in Pkd1 Ϫ/Ϫ cells and rescues morphant phenotypes in Pkd1 knockdown zebrafish embryos (36) . We found that the mPkd1-R4227X mutant, which lacks the last 76 amino acids, had no effect on PC2 expression or the PC2-HDAC6 interaction. On the other hand, full-length PC1 downregulated PC2 expression but did not interact with HDAC6, FIGURE 17 . Inhibition of the lysosome degradation pathway prevents PC1-driven degradation of PC2. A, inhibition of autophagy with bafilomycin A (50 nM) or E64 (50 M) with pepstatin A (2.5 M) decreased the degradation of PC2 when PC1 was overexpressed in MDCK cells. Inhibition of autophagy with both bafilomycin A (50 nM) and E64 (50 M) with pepstatin A had a synergistic effect and led to a further decrease in PC2 degradation when PC1 was overexpressed in MDCK cells. MDCK cells were treated for 16 h. Control cells were treated with vehicle (DMSO). PC1 expression was induced with tetracycline (2 g/ml) for 16 h. This is a Western blot, and the experiment was repeated three times. B, summary of the inhibition of the lysosome degradation pathway. Baf, bafilomycin A; Ctr, control; P, pepstatin A. FIGURE 18. Inhibition of the lysosome degradation pathway has no effect on PC2 expression in control cells. In MDCK control cells (PC1 uninduced), PC2 expression remained unchanged after treatment with bafilomycin A (50 nM), with E64 (50 M) and pepstatin A (2.5 M), or with both. Cells were treated for 16 h. Control cells were treated with vehicle (DMSO). This is a Western blot, and the experiment was repeated three times. FIGURE 19. Overexpression of PC1 does not activate autophagy. Overexpression of PC1 in MDCK cells did not increase the conversion of LC3-I to LC3-II. Inhibition of autophagy with bafilomycin A led to increased conversion of LC3-I to LC3-II, indicating accumulation of autophagosomes. Cells were treated with bafilomycin A (50 nM) for 16 h. PC1 expression was induced with tetracycline (2 g/ml) for 16 h. Control cells were treated with vehicle (DMSO). This is a Western blot, and the experiment was repeated three times.
Polycystin-1 Regulates Polycystin-2 Expression
suggesting that PC1 accelerates the aggresomal degradation of PC2 via a second messenger, or perhaps by nuclear translocation of PC1-CTT.
Knock-out of the PKD1 or PKD2 gene has been shown to lead to polycystic kidney disease in mouse models (6, 7) . On the other hand, overexpression of either gene product in transgenic mice leads to cyst formation (9, 10) . In addition, Lantinga-van Leeuwen et al. (8) have shown that down-regulation of PKD1 gene expression (to 13-20% of wild type) results in polycystic kidneys in mice. Interestingly, PC1 is undetectable by immunohistochemical staining in MDCK cells (11) , which spontaneously form cysts in three-dimensional collagen gels (11, 38, 39) . Boletta et al. (11) have shown that the expression of human PC1 in MDCK cells leads to tubule formation; these authors suggested that in MDCK cells, the PC1 level is below the threshold necessary to prevent cyst formation. On the other hand, Patel et al. (12) have demonstrated that overexpression of PKD1 in renal epithelial cells disrupts tubulogenesis and produces cystlike structures, suggesting that the level of the PKD1 gene must be tightly regulated for normal tubule formation to occur. These elegant studies have indicated that either up-or downregulation of PKD1 gene expression beyond a critical point can lead to cyst formation.
PC2 expression has a negative effect on cell proliferation in cell culture models (40, 41) , whereas PC2 overexpression in animal models leads to cyst formation (42) , suggesting that the level of PC2 must be tightly controlled to prevent cyst formation. It is possible that tight regulation of PC2 as well as PC1 is required to prevent cyst formation. We report here the novel finding that PC2 is degraded via the autophagy. Although fulllength PC1 accelerated PC2 degradation presumptively by enhancing degradation via the aggresome/autophagosome pathway, the PC1 mutant R4227X lacking the last 76 amino acids failed to accelerate PC2 degradation. How PC1 accelerates PC2 degradation via the aggresome/autophagosome pathway is not entirely clear.
Increased HDAC6 activity and level stimulates proliferation in cancer cells, whereas inhibition of HDAC6 activity has an anti-proliferative effect (15) . We show here for the first time that PC1 regulates PC2 expression via HDAC6. Dysregulation of PC1 or PC2 leads to PKD, a disease characterized by increased proliferation in cystic epithelia (37) . This study raises the possibility that HDAC6 might be a therapeutic target to impact not only PC2 levels, but also cyst formation and growth.
